Systemic lupus erythematosus (SLE) is a multisystem autoimmune disease characterized by a loss of tolerance to multiple endogenous antigens. SLE etiology remains largely unknown, despite recent insight into the immunopathogenesis of the disease. T cells are important in the development of the disease by amplifying the immune response and contributing to organ damage. Aberrant signaling, cytokine secretion, and tissue homing displayed by SLE T cells have been extensively studied and the underlying pathogenic molecular mechanisms are starting to be elucidated. T-cell-targeted treatments are being explored in SLE patients. This review is an update on the T-cell abnormalities and related therapeutic options in SLE. Lupus (2015) 24, 351-363.
Introduction
Systemic lupus erythematosus (SLE) is a complex autoimmune disease. Despite recent advances in our understanding of the pathogenesis, the cause of SLE remains unknown and many factors contribute to the expression of diverse clinical manifestations, including genetic, environmental, hormonal, and epigenetic influences. 1 A key feature of SLE is a breakdown in innate and adaptive immune responses that leads to a loss of tolerance and the production of autoantibodies. T cells play a major role in SLE by amplifying the autoimmune response once the tolerance is compromised. 2 Specifically, they display aberrant cytokine secretion, tissue homing, and cell signaling properties. They also contribute to the inappropriate recruitment and activation of B cells and dendritic cells at the sites of inflammation. 3 Over the last three decades, the biochemical and molecular abnormalities of SLE T cells have been extensively studied in efforts to provide new diagnostic tools and therapeutic targets. In this review, we present some of the recent advances in the domain of T-celltargeted therapies.
T-cell signaling alteration
Altered CD3-TCR (T-cell receptor)
The predominant TCR is a heterodimer consisting of two transmembrane polypeptide chains, TCRa and TCRb, covalently bound to each other. These chains are associated with the CD3 complex, which is composed of subunits d, e, g and z: d, e, g subunits are members of the immunoglobulin (Ig)-superfamily. Their C-terminal intracellular region contains an immunoreceptor tyrosinebased activating motif (ITAM) domain. The z-chain possesses a long intracytoplasmic tail that contains three ITAM domains. TCR signal initiation in normal individuals, after ligation of the TCR by major histocompatibility complex (MHC)-peptide ligands, induces phosphorylation of ITAM tyrosine residues, which then recruit the tyrosine kinase z-chain-associated protein 70 . Alternatively, in SLE T cells, the CD3z chain levels are decreased and are replaced by an analogous protein, the common g chain of the Fce receptor (FcRg) (Figure 1 ). 4 FcRg does not partner with ZAP-70 but instead recruits spleen tyrosine kinase (Syk). 5 The FcRg-Syk interaction is 100 times stronger than the CD3z-ZAP interaction, and this alternate TCR signaling pathway amplifies downstream early signaling events in SLE T cells, most notably leading to an enhanced calcium influx response. 6 Increased tyrosine kinase phosphorylation and intracellular calcium enhances T-cell signaling processes by promoting recruitment of calcineurin and translocating nuclear factor of activated T-cells (NFAT) to the nucleus. 7 Recent data emphasized that CD3z-deficient mice develop multiorgan damage and tissue inflammation without mounting an autoantibody response. 8 This suggests that restoring CD3z on the surface of SLE T cells could have a favorable effect on organ damage.
Kinase inhibition
The rewired TCR signaling and the ensuing downstream kinase activation may represent a promising treatment target for SLE patients. Syk inhibition corrected the calcium influx in SLE T cells and suppressed the development of lupus-related skin and kidney disease in lupus-prone mice. 5, 9 Fostamatinib (R788) is a pro-drug, orally administered, which is converted to an active Syk inhibitor form (R406). Although there are no current studies involving SLE, phase-II clinical trials have been published for other autoimmune conditions in which Syk is also aberrantly expressed. Clinical trials showed positive results in the treatment of rheumatoid arthritis in patients with inadequate response to methotrexate, 10 but no benefits after anti-tumor necrosis factor alpha (TNF a treatment failure. 11 In an open-label pilot study, fostamatinib appeared to be a promising therapeutic agent in patients with chronic immune thrombocytopenic purpura. 12 The role of phosphoinositide-3 kinases (PI3K) has also been extensively studied in the onset of autoimmunity and SLE. PI3Ks are recruited to the TCR-complex following activation and generate phosphatidylinositol-(3, 4, 5) P 3 (PIP 3 ) from membrane phospholipids. PIP 3 activates important signaling pathways implicated in T-cell division, proliferation, and survival. In CD4 þ T cells from a lupus mouse model and in SLE patients, PI3k activity is increased compared to a control, and pharmacologic inhibition of PI3kg or PI3kd has been shown to reduce tissue inflammation and Figure 1 Aberrant signaling events in SLE T cells and potential therapeutic targets. The lupus T cell is characterized by the downregulation of the CD3z chain and its substitution by the FcRg common chain. Following stimulation, FcRg associates with Syk kinase instead of ZAP-70, leading to heightened calcium responses and aberrant activation of calcineurin and CaMKIV. The increased magnitude of the early signaling events leads to a misbalance of the transcriptional machinery and results in aberrant gene expression. The white arrows with the star indicate potential therapeutic targets that are currently being considered for the management of SLE. SLE: systemic lupus erythematosus; Syk: spleen tyrosine kinase; ZAP-70: z-chain associated protein 70; CaMKIV: calcium/ calmodulin kinase IV; FcRg: Fce receptor. disease manifestations. 13, 14 Therefore, these kinases could also be considered as future therapeutic targets.
Lipid rafts aggregation
Lipid rafts are cholesterol-rich domains on the surface of the cell membrane that cluster the TCR and other associated signaling molecules at a high density to facilitate the formation of the immunological synapse between T cells and antigen-presenting cells. In normal T cells, lipid rafts aggregate after TCR activation. However, freshly isolated SLE T cells harbor pre-clustered lipid rafts, which contribute to the signaling alterations. 15 In lupus-prone mice T cells, aggregated lipid rafts are observed prior to the development of the disease. Lipid raft clustering agents, such as the cholera toxin, exacerbate lupus pathology, and disruption of the lipid rafts can delay its onset. 16 Another study showed that in vitro atorvastatin treatment, a drug known to reduce cholesterol synthesis, may reverse the lipid rafts signaling-associated abnormalities and normalize cytokine production in SLE T cells. 17 Recently, the importance of a lipid subset, the glycosphingolipids (GSL), which are enriched in the lipid rafts, has been emphasized. GSL homeostasis is severely impaired in the membrane of SLE T cells, and in vitro inhibition of GSL synthesis with glucosylceramide synthase NB-DNJ partially normalizes SLE T cells' signaling. 18
CD44-ERM/rho-associated protein kinase (ROCK)
CD44 is a cell surface molecule involved in cell adhesion and cell migration. The CD44 gene generates numerous protein isoforms from a highly conserved gene through alternative splicing and post-translational modifications. CD44 is activated by binding to its principal ligand hyaluronic acid (HA). In order for CD44 to promote cell migration and adhesion, the phosphorylated form of the ezrin/radixin/moesin protein (ERM) needs to be recruited to the intracellular domain of CD44. ERM is phosphorylated by ROCK.
The expression levels of splice variants CD44v3 and CD44v6 are increased and correlate with disease activity in SLE patients. 19 Elevated levels of HA and CD44 have been observed in damaged kidneys from SLE patients and lupus-prone mice. 20, 21 Moreover, increased levels of pERM have been observed in T cells from SLE patients. A pharmacologic inhibition of ROCK decreased pERM levels, thus limiting T-cells adhesion and migration and limited lupus-related pathology when administered to lupus-prone mice. 15, 22 Globally, these data suggest that the CD44-ERM-ROCK pathway is involved in the pathogenesis of lupus nephritis by enhancing T-cells migration and adhesion. Pharmacologic inhibition of ROCK is a potentially interesting way to limit SLE-related organ damage.
Interleukin-2 (IL-2)
The role of IL-2 in peripheral tolerance
Early studies that were conducted more than three decades ago demonstrated a significant defect in the production of IL-2 from in vitro-activated T cells both in murine lupus models 23 and humans with SLE. 24, 25 IL-2 is a key T cell-derived cytokine that is mainly produced by antigen-activated T cells. It exerts its biological function via the IL-2 receptor (IL-2R) in an autocrine and/or paracrine fashion. Initially, IL-2 was thought to function primarily as a growth, survival, and differentiation factor for activated T cells. IL-2 is implicated in the differentiation of both Th1 and Th2 cells (reviewed in Liao et al.) 26 and is also involved in promoting the differentiation of effector cytolytic T cells. 27 IL-2 has a unique role in promoting activation-induced cell death (AICD), an important apoptotic process that is responsible for the elimination of repeatedly activated, and potentially autoreactive, T cells. 28 In vivo studies performed in il-2 À/À and il-2r À/À mice revealed an important and indispensable role of IL-2 in the induction of peripheral tolerance. Both in vitro and in vivo studies have provided evidence that IL-2 plays an important role in the development and survival of regulatory T cells (Tregs), 29 and the autoimmune manifestations seen in il-2 À/À mice can be attributed to the greatly reduced numbers of Tregs in the periphery. 30 Of particular interest is the finding that IL-2 may restrict the differentiation of naı¨ve CD4 þ T cells into IL-17 secreting cells (Th17 cells) in vitro. 31 Therefore, treatment with IL-2 could prove beneficial for the management of diseases that are characterized by impaired Treg function and/or Th17-driven responses. However, reports suggesting that IL-2 may participate in the expansion of already differentiated Th17 cells in humans highlight the complex role of IL-2 in Th17 differentiation and maintenance and should be taken into consideration in future therapeutic attempts of Th17-based autoimmune diseases. 32 
IL-2 immunotherapy in autoimmunity
Infection is one of the leading causes of morbidity and mortality in patients with SLE, and IL-2 plays a central role in the proper function of the immune system of the host. Most studies agree that patients with SLE characteristically have reduced numbers and impaired function of Tregs, diminished cytotoxic activity of CD8 þ T cells, and defective AICD. The inability of lupus T cells to produce adequate amounts of IL-2 following antigen-driven stimulation may account for these immunological defects and may thus contribute to the increased rates of infections in patients with SLE. Therefore, restoring IL-2 levels in patients with SLE has been considered as a potential therapeutic approach. To date, there have been some encouraging results on the use of exogenous IL-2 for the treatment of autoimmune manifestations both in murine models of autoimmunity and humans.
Daily injections of recombinant human IL-2 in neonatal il-2 À/À mice prevented the development of autoimmunity and significantly improved survival. 33 Treatment of MRL/lpr mice with live vaccinia recombinant viruses expressing the human IL-2 gene also resulted in improved survival rates. Clinical symptoms, such as arthritis and kidney disease, were also ameliorated in the vaccinia-treated MRL/lpr mice and autoantibody titers were decreased. Administration of IL-2 to MRL/lpr mice using an adenovirus system that secured low serum IL-2 concentrations resulted in killing of the severely expanded IL-17 producing TCR-þ CD4 À CD8 À cells and expansion of Tregs with a profound improvement of renal and lung pathology. 34 In humans, immunotherapy with recombinant human IL-2 (aldesleukin) has been approved by the food and Drug Administration (FDA) for the management of skin melanoma and renal cell carcinoma. Recently, administration of low-dose IL-2 has been examined as an adjunct agent for the management of active chronic graft-versus-host disease (GVHD) 35 and HCV-induced vasculitis 36 in two open-label, phase-I/IIa studies. Low-dose IL-2 treatment led to an increase in the percentage of peripheral functional Tregs in patients with HCV-related vasculitis and GVHD and was associated with the amelioration of clinical symptoms.
Currently, an open-label clinical trial is underway to test the efficacy and safety of low-dose IL-2 treatment in SLE.
Regulation of IL-2 in SLE and novel therapeutic targets
The molecular mechanisms responsible for the IL-2 defect in lupus have only recently been elucidated and remain the focus of intensive research. The regulation of the IL-2 gene is predominantly controlled at the transcriptional level and depends on the cooperative binding of NFAT, AP-1 (c-fos/cjun heterodimer), cAMP regulatory element binding protein (CREB) and NF-kB to cognate sites within the IL-2 promoter. 37 Accumulating evidence suggests that impaired IL-2 production from lupus T cells is the result of defective transcriptional regulation. As mentioned earlier, lupus T cells are characterized by enhanced early signaling events and heightened calcium responses that lead to increased activation of calcineurin and to the eventual dephosphorylation and translocation of NFAT to the nucleus. 7 However, NFAT is not able to properly initiate the transcription of the IL-2 gene without the concurrent binding of AP-1, which is reported to be downregulated in SLE. 38 Moreover, protein levels of the p65-activating subunit of NF-kB are downregulated in patients with SLE. 39 As a result, the activation of NF-kB in SLE is severely diminished following in vitro stimulation of T cells, thus contributing to the defective IL-2 production. Finally, increased levels of the serine-threonine phosphatase PP2A in SLE T cells lead to the dephosphorylation and subsequent inactivation of CREB. 40 Decreased IL-2 production in SLE can also be attributed to active transcriptional suppression, mediated by the binding of phosphorylated CREMa to the promoter region of the IL-2 gene. 41 CREMa may also indirectly inhibit IL-2 production by suppressing the transcription of the c-fos gene, thus contributing to the decreased levels of AP-1 in SLE. 38 Collectively, the above data suggest that the IL-2 defect in SLE is the result of reduced transcriptional activity due to the decreased expression and/or activity of transcriptional activators.
Restoration of the CD3z chain on the cellsurface of SLE T cells was able to restore IL-2 production back to normal levels, 42 further supporting the hypothesis that the IL-2 defect in SLE can be attributed to dysregulated T-cell signaling. Apart from the aberrant early signaling events that characterize lupus T cells, elements in the microenvironment may also account for the diminished ability of SLE T cells to produce IL-2. The immunoglobulin (Ig)G fraction of serum from patients with SLE contains anti-TCR/CD3 autoantibodies that are able to induce the translocation of calcium/calmodulin kinase IV (CaMKIV) to the nucleus, resulting in the overexpression of CREMa in normal T cells. 43 The importance of CaMKIV in the pathway leading to the suppression of IL-2 production in SLE is further highlighted by experiments demonstrating that overexpression of a dominant negative isoform of CaMKIV in normal T cells blocked the effect of lupus sera and abolished the CREMa binding on the IL-2 promoter. 44 Inhibition of CaMKIV may represent a promising therapeutic target in SLE. Indeed, treatment of lupus-prone MRL/lpr mice with KN-93, a small molecule that inhibits CaMKIV ameliorated glomerulonephritis and skin disease. 45 Recently, the role of the serine arginine protein splicing factor 2/alternative splicing factor (SF2/ASF) has been examined in the regulation of IL-2 production. SF2/ASF binds to the 3'UTR of the CD3z mRNA and limits the production of an alternative unstable mRNA splice variant. Therefore, by stabilizing the CD3z mRNA, SF2/ASF promotes the expression of the CD3z chain on normal T cells. 46 SF2/ASF expression levels are reduced in patients with SLE and are inversely correlated with disease activity. Forced expression of SF2/ASF restored IL-2 production in patients with SLE. 47 The in vivo effects of the SF2/ASF defect on autoimmunity remain to be evaluated.
Epigenetics in SLE and potential therapeutic approaches
Epigenetic alterations, including DNA methylation and histone modifications, may also contribute to the pathogenetic mechanisms of SLE. Studies from the early 1990s reported reduced DNA methylation in lupus T cells. 48 DNA methylation is mediated by various DNA methyltransferase enzymes (DNMT). Decreased methylation may be a responsible mechanism for the increased expression of genes that are known to be involved in the pathogenesis of SLE, such as LFA-1, CD70 and PP2Ac. [49] [50] [51] Reduced DNA methylation has also been associated with the overexpression of the IL-10, IL-13 and IL-17 genes in SLE. 52, 53 Genome-wide methylation analysis in T cells from SLE patients revealed persistent hypomethylation of genes involved in interferon (IFN) signaling, providing a potential mechanism for the described IFN-a signature in lupus. 54 Hypomethylation of IFN-related genes was apparent in naı¨ve and memory cells and Tregs, suggesting that the epigenetic modification may have initially occurred in progenitor populations. 55 The accessibility of transcription factors to DNA is also regulated by histone modifications. Histone proteins are highly conserved proteins and are responsible for maintaining the structure of chromatin. Post-translational alterations (acetylation, citrullination, methylation, SUMOylation, phosphorylation and/or poly-ADP-ribosylation) of histone proteins at the N-terminal tail may promote or inhibit gene transcription. Histone modifications are altered in SLE T cells. Global histone H3 and H4 hypoacetylation have been reported in CD4 þ T cells from patients with active SLE. 56 Moreover, IL-2 and IL-17 production are controlled at an epigenetic level through histone acetylation and methylation. In SLE T cells, a misbalance of these processes may be involved in altered IL-2 expression and increased IL-17 production. Reduced acetylation of histone H3 at lysine 18 (H3K18) together with increased methylation of histone H3 at lysine 27 (H3K27) characterizes the whole length of the IL-2 gene in lupus and may lead to reduced transcriptional activity. 57 Conversely, the IL-17A gene in lupus T cells is characterized by increased H3K18 acetylation and reduced H3K27 methylation, promoting enhanced transcription of the IL-17A gene and further highlighting the importance of gene-specific modifications in SLE T cells. 53 Because epigenetic alterations gradually accumulate over the course of the disease, targeting DNA methylation and/or histone modifications may present a promising therapeutic approach in SLE. Ex vivo pre-treatment of MLR/lpr splenocytes with deacetylase inhibitors, such as trichostatin A (TSA) and suberonylanilide hydroxamic acid (SAHA) resulted in downregulation of IL-12, IFN-g, IL-6, and IL-10 protein levels following stimulation with concanavalin A. 58 Although treatment of normal human T cells with TSA in vitro resulted in signaling aberrations reminiscent of those that have been described for human SLE, results from experiments in mice treated with TSA have been favorable. MRL/lpr mice treated with either TSA or SAHA display significantly reduced proteinuria and glomerulonephritis. 59 Aberrant microRNA (miRNA) expression with potentially pathogenetic repercussions has been described both in murine and human lupus. miRNA are short, non-coding RNA sequences that bind to their target mRNA and regulate gene expression either by inhibiting translation or by promoting mRNA degradation. miRNA have emerged over the past few years as significant contributors to a variety of human diseases such as cancer and autoimmunity. Several miRNA sequences have been reported to be either upregulated or downregulated in lupus T cells and many studies have been conducted in an attempt to elucidate the role of these aberrantly expressed miRNA sequences in the pathogenesis of SLE. miR146A, a negative regulator of the type I IFN pathway, has been reported to be downregulated in patients with SLE and was inversely correlated with disease activity. 60 In vitro reconstitution of miR-146A in peripheral blood mononuclear cells (PBMCs) from patients with SLE was associated with a reduction in the expression of certain IFN-inducible genes, indicating that miR146A may present a promising therapeutic target in SLE. Low levels of miR-31 in T cells from patients with SLE have been associated with IL-2 defect in SLE T cells. 61 On the other hand, miR-21 is upregulated in SLE patients and may be implicated in the mechanisms leading to DNA hypomethylations. 62 In vivo silencing of miR-21 ameliorated autoimmune splenomegaly in lupus-prone B6.Sle123 mice. 63 Furthermore, silencing miR-21 in human lupus T cells in vitro reduced IL-10 production, suppressed the activation-induced up-regulation of CD40L, and reduced the capacity of T cells to drive the maturation of B cells. 64 Recent work has demonstrated that the antiinflammatory effects of methylprednisolone may be mediated by the upregulation of miR-98 and downregulation of miR-155 and the subsequent suppression of predicted targets. 65, 66 Principal T-cells subtypes involved in SLE pathogenesis T-cells subsets distribution is altered in SLE patients compared to healthy controls. This is notably due to a decreased IL-2 production by T cells, and also to the presence of increased pro-inflammatory cytokines in the serum of SLE patients (Figure 2 ). The most important T cells subtypes implicated in SLE pathogenesis are described below.
T helper (Th) 17 cells
Th17 cells represent a subset of CD4 þ T helper cells that are developmentally distinct from Th1 and Th2 subsets. They are characterized by the expression of the orphan nuclear factor receptor RORgt, the expression of the cytokines IL-17A, IL-17F and IL-22, and by the inflammatory chemokine receptor CCR6. 67, 68 IL-17 promotes inflammation and tissue damage in the context of SLE by recruiting neutrophils and monocytes, facilitating T-cell tissue infiltration and promoting antibody production. 69 This cytokine has been shown to be increased in the serum of SLE patients compared to healthy controls. [70] [71] [72] However, a correlation between IL-17 levels and disease activity, double-stranded (dsDNA) levels, C-reactive protein or sedimentation rate has not been established. 70, 72 Therefore, IL-17 is not a suitable biomarker of SLE disease activity. Of note, Th17 cells are not the only source of IL-17 in SLE patients, as TCR-þ CD4 -CD8doublenegative (DN) T cells from peripheral blood and kidney biopsies have been shown to secrete high amount of IL-17. 73 Moreover, neutrophils from lupus skin lesion biopsy also demonstrated the ability to produce IL-17. 74 Some reports show that the percentage of IL-17A-producing T cells is higher in peripheral blood and among inflammatory infiltrate in skin and kidneys affected by SLE. 73, 75, 76 Recent studies in mice and in humans argued that IL-17A expression is not sufficient to define pathogenic Th17 cells. 77, 78 IL-23 plays a central role in inducing Th17-cells differentiation with pathogenic properties, and pathogenic Th17 cells express high level of IL-23 receptor (il-23r) 77 and produce high amount of IFNa and granulocyte-macrophage colony-stimulating factor (GM-CSF). 79, 80 In contrast, nonpathogenic Th17 cells develop in the absence of IL-23/il-23r and express high levels of IL-10 in addition to IL-17. These cells are supposed to have an immunosuppressive effect. So far, no studies have evaluated the pathogenic potential of Th17 cells in the onset of SLE.
A number of molecular alterations contributing to increased IL-17 production have been observed in SLE patients. Studies have reported increased ROCK activity in T cells, which leads to enhanced binding of interferon regulatory factor 4 (IRF4) to the IL-17 promoter. 22, 81 CREMa expression is increased in SLE patients and enhances IL-17 production by binding to its promoter and by diminishing IL-2 production. 53 Recently, Koga et al. emphasized the importance of CaMKIV in the development of Th17 differentiation. This kinase phosphorylates CREMa and activates the AKT/ mTOR pathway, which in turn leads to IL-17 transcription. 82 
IL-17 inhibition
Currently, there are no available data on the effect of IL-17 blockade by monoclonal antibodies in SLE. Secukinumab and ixekizumab are two monoclonal antibodies directed toward IL-17A. Phase-II clinical trials in psoriasis, ankylosing spondylitis, and psoriatic arthritis showed good clinical results for both drugs without major safety concerns. [83] [84] [85] Brodalumab is a monoclonal antibody directed against IL-17 receptor A, which significantly improved psoriasis in a phase-II clinical trial. 86 Ustekinumab is a monoclonal antibody directed toward the p40 subunit common to IL-12 and IL-23, thus targeting the IL-23/IL-17 immune axis. It is already approved for the treatment of psoriasis, and phase-III clinical trials are underway in the onset of psoriatic arthritis. There are currently no data available for SLE; however, administration of ustekinumab improved cutaneous lupus in some cases. 87, 88 Experimental models showed that CaMKIV inhibition may be a potential therapeutic target. Pharmocologic inhibition of CaMKIV in mice models and silencing CaMKIV in T cells from SLE patients inhibited IL-17 production. 85 
DN T cells
A small subpopulation of T cells lack the expression of CD4 and CD8 surface markers in healthy individuals. These cells express the phenotype TCR-þ CD4 À CD8 À and are called DN T cells. In SLE patients and lupus prone-mice, DN T cells are expanded in the peripheral blood and in disease-affected kidneys. 73, 75 These cells produce inflammatory cytokines like IL-1b, IFN-g and IL-17. 89 They also induce antibody production through promoting B-cell differentiation. 90, 91 The origin of DN T cells remains unclear. There is evidence showing that expanded DN T cells in SLE derive from CD8 þ T cells through downregulation of the CD8 receptor after TCR stimulation. 89 Regulatory mechanisms leading to DN T-cells generation involve the transcription factor CREMa, which is expressed at increased level in SLE, and acts as a trans-repressor of the CD8b promoter. 92, 93 In a recent study, Mizui et al. used an inducible IL-2-recombinant adeno-associated virus to restore continuous systemic IL-2 production in an MRL/lpr lupus mouse model. This treatment decreased the number of DN T cells and effectively reduced lupus-related organ inflammation. 34 
Tregs
Tregs are implicated in the maintenance of peripheral immune tolerance and the prevention of autoimmune disease by suppressing autoreactive effector cells. Human Tregs represent about 2% of CD4 þ T cells and are characterized by the constitutive expression of CD25 (IL-2 receptor a), low level of CD127 (IL-7 receptor a), and the expression of the transcription factor forkhead box P3 (FoxP3). 94 Studies in SLE patients suggest a dysregulation of Tregs. Due to a lack of specific markers, data assessing the number of Tregs in the peripheral blood of SLE patients are conflictive. While some reports highlighted a decreased number of Tregs, [95] [96] [97] others showed no difference [98] [99] [100] compared to healthy controls. Some authors emphasized that the suppressive function of Tregs may be impaired in SLE patients [96] [97] [98] or that SLE effector cells may be resistant to Treg-induced suppression. 101 Treg dysregulation may be a result of altered IL-2 production in SLE patients. This is supported by recent studies in lupus-prone mice, where restoring IL-2 production through CaMKIV inhibition enhanced the generation of Tregs along with diminished organ inflammation and damage. 45, 102 T follicular helper (TFH) cells TFH cells belong to a recently identified subset of T helper cells. They are activated by antigens in the T-cell zone of the lymphoid tissues. After activation they migrate to the outer edge of the B cells' follicle in order to encounter cognate B cells and support their differentiation. These cells are CD4 þ T cells that express CXCR5, programmed cell death protein 1 (PD-1), the surface inducible T-cell co-stimulator (ICOS), and the CD40 ligand. The main transcription factor of TFH is B-cell lymphoma 6 (BCL-6), and its signature cytokine IL-21, which is essential for promoting B-cell somatic hypermutation, Ig isotype switching and plasma cell generation. IL-21 also induces TFH cell differentiation in an autocrine fashion. 103 Accordingly, an exaggerated TFH response would be a candidate driver of autoimmunity.
The involvement of TFH cells in the development of SLE came first from mice models. 104 For example, Sanroque lupus mice spontaneously develop a lupus-like pathology with anti-dsDNA, immune-complexes, and glomerulonephritis. They exhibit germinal center formation, excessive TFH numbers, and increased expression of ICOS and IL-21. The underlying mechanism involves a recessive mutation that disrupts a repressor of ICOS expression. 105 Human studies are limited by reduced access to secondary lymphoid organ samples. Most human studies focus on the so-called ''blood TFH cells'', which are CD4 + T cells characterized by the expression of CXCR5, and are phenotypically and functionally considered as TFH circulating counterparts. 106 Some studies showed expanded circulating TFH 107, 108 and increased serum levels of IL-21 109 in SLE patients. However, as of now, no study has evaluated this cell type in tissues affected by SLE or in lymph nodes from SLE patients.
Targeting T-cell co-stimulatory molecules
Targeting cytotoxic T-lymphocyte-associated protein 4 (CTLA-4)
Full activation of T cells is a two-step process that requires the binding of the antigen to the TCR followed by the engagement of the co-stimulatory T cell surface molecule CD28 with CD80 or CD86 that are expressed on the surface of antigen-presenting cells. Following T-cell activation, CTLA-4, a CD28 homologue with inhibitory properties, is induced on the surface of T cells. It recognizes both CD80 and CD86 with a higher affinity than CD28, and thus leads to the termination of the activation process. Abatacept (CTLA4-Ig) is a human recombinant fusion protein that consists of the Fc region of an IgG1 fused to the extracellular domain of CTLA-4. It has been approved by the FDA for the treatment of RA and juvenile idiopathic arthritis. Belatacept is another human recombinant fusion protein consisting of a modified extracellular domain of human CTLA-4 linked to the Fc portion of a human IgG1 that has recently been approved for patients undergoing kidney transplantation. The role of abatacept in SLE has been evaluated in two multicenter, double-blind, placebo-controlled clinical trials. The first one included a total of 175 patients with ''nonlife-threatening'' SLE with polyarthritis, discoid lesions, or serositis. 110 Although the primary end point of the study was not met, a post-hoc analysis indicated that SLE patients with polyarthritis benefited from treatment with abatacept. The increased percentage of serious adverse events, however, raised concerns about the safety of abatacept in patients with SLE. The second study evaluated the efficacy and safety of intravenous abatacept injections in 298 patients with lupus nephritis in addition to treatment with mycophenolate mofetil and corticosteroids. 111 In this study, abatecept was well tolerated in patients with active class III or IV lupus nephritis. Even though the primary end point was not met, a decrease of 20%-30% in mean urinary protein-to-creatinine ratio as well as a favorable effect on anti-dsDNA autoantibody titers and complement levels was observed in the abatacepttreated group. Currently, an ongoing clinical trial is assessing the safety and efficacy of abatacept in addition to cyclophosphamide in patients with lupus nephritis compared to treatment with a standard cyclophosphamide regimen alone.
Targeting the CD40-CD40L interaction CD40L is a member of the TNF superfamily and is mainly expressed on CD4 þ T cells shortly after activation. Interaction of CD40L-expressing T cells with CD40 on B cells leads to B-cell proliferation, Ig isotype switching and generation of memory B cells. CD40L is overexpressed on the cell-surface of both B-and T-cells in patients with SLE and in murine models of lupus. [112] [113] [114] CD40L blockade in lupus-prone mice had contradictory results. Even though anti-CD40L treatment prevented the development of nephritis in New Zealand Black/White (NZB/W) F1 mice, 115 it accelerated renal disease in the MRL/lpr model. 116 Nevertheless, anti-CD40L treatment has been evaluated in patients with SLE with two different monoclonal antibodies, IDEC-131 and BG9588. In the first double-blind, placebo-controlled clinical trial, the IDEC-131 mAb was tested in 85 patients with mild-to-moderately active SLE, but no efficacy was demonstrated compared to the placebo group. 117 The second study attempted to evaluate the efficacy and safety of the BG9588 mAb in patients with biopsy-proven lupus glomerulonephritis. Treatment with BG9588 resulted in 50% reduction of proteinuria, with no worsening of renal function. Anti-dsDNA autoantibody titers were also decreased and serum C3 complement levels significantly increased. However, the study was prematurely terminated because of the increased incidence of catastrophic thromboembolic events, 118 thus precluding for the moment any further consideration on the use of anti-CD40L mAbs for the treatment of SLE.
Targeting the ICOS-B7RP1 pathway ICOS is a transmembrane glycoprotein that is structurally and functionally related to CD28 and is expressed on activated T cells. ICOS binds to its ligand B7-related protein-1 (B7RP1) that is constitutively expressed on B cells and on activated dendritic cells and monocytes. The ICOS-B7RP1 engagement plays an important role in T cell-B cell interaction. It promotes germinal center formation and B-cell differentiation and drives T celldependent antibody production and Ig isotype switching. The ICOS-B7RP1 pathway appears to be directly implicated in the process of generating memory B cells and plasma cells in SLE. 119 Moreover, ICOS is found to be overexpressed on the cell surface of CD4 þ and CD8 þ T cells and promotes the production of anti-dsDNA autoantibodies and total IgG in patients with SLE. 120 Therefore, inhibiting the ICOS-B7RP1 pathway represents a possible therapeutic target for human SLE and, so far, results from murine lupus models treated with a monoclonal antibody directed against ICOS-B7 homologous protein (B7h) have been encouraging. Treatment of NZB/NZW F1 lupus-prone mice with an anti-B7h mAb before the onset of renal disease delayed the onset of proteinuria and prolonged survival. When anti-B7h mAb was administered after the onset of proteinuria, it managed to delay disease progression and improved renal pathology. 121 A phase Ib, doubleblind, placebo-controlled, dose-escalating study assessing the safety and tolerability of a B7RP1 mAb (AMG 557) in patients with stable SLE has been completed and the results are being analyzed.
Conclusions
SLE is a multifactorial and complex autoimmune disease with diverse clinical manifestations and is characterized by various cellular and molecular aberrations. Traditional management of patients with SLE relies on the use of corticosteroids and immunosuppressive agents, such as hydroxychloroquine, azathioprine, cyclophosphamide, methotrexate and, more recently, mycophenolate mofetil.
However, these treatments are often accompanied by significant side effects.
Moreover, patients with refractory SLE do not adequately respond to conventional immunosuppressive agents, thus making the need for developing newer therapeutic strategies mandatory. T cells have emerged as central players in the pathogenesis of SLE. Even though our understanding still remains incomplete, significant progress has been made over the past years in identifying the biochemical aberrations that characterize the lupus T cell in an attempt to elucidate the pathogenic mechanisms underlying SLE. During this process, new and promising therapeutic targets have been identified. Biologic agents and small-molecule drugs are being developed and the currently expanding field of epigenetics is expected to further enhance our knowledge of gene regulation. These new insights may culminate in the development of safer and more effective treatments.
